Abstract: Scanning Near-field Optical Microscopy (SNOM) is the leading instrument used to image optical fields on the nanometer scale. A metalcoating is typically applied to SNOM probes to define a subwavelength aperture and minimize optical leakage, but the presence of such coatings in the near field of the sample can often cause a substantial change in the sample emission properties. For the first time, the authors demonstrate nearfield imaging on a metal substrate with a metal-free probe made from a novel structured optical fiber, designed to maximize optical throughput and potentially remove the need for the metal.
Introduction
Optical throughput is the major limitation preventing the advanced applicability of SNOM in fields such as high-speed nanoengineering processes, biomedical diagnostics and ultra-high density data storage. The technique generally employs metal-coated, tapered optical fibers possessing a subwavelength aperture to probe optical signals in the near-field of a sample [1] [2] [3] . Excessive losses occur as light passes through the subwavelength aperture and also as a result of the interaction of light with the metal-coating in the tapered region of the probe. These throughput limitations cannot be overcome by simply coupling more light into the probe, since the over-injection of power can cause thermal damage to the probe or sample [4, 5] . Etching techniques for large cone-angle probes [6] [7] [8] have been developed to improve throughput but can limit application to samples with relatively large topographical features due to the physical size of the probe. As a means to improve probe throughput by reducing the interaction between propagating light and the metal-coating, the novel fractal fiber has recently been reported to exhibit superior optical throughput over standard step-index and periodic structured fibers [9] . The capacity of the uncoated fractal fiber for use in metal-free scanning probe microscopy is compared in this work with standard fiber probes: one which is uncoated and another which is metal-coated. In addition to throughput limitations, the metal-coating of apertured probes can limit application to metallic samples due to distortions induced by coupling between the probe and the sample surface [10] . Furthermore, the metal-coating can be problematic when characterizing the emission properties of molecules, since the close presence of metal leads to quenching of the emission due to the smearing of the levels and an increase in fast nonradiative decays [11] . The metal-coating also limits achievable resolutions with apertured probes to approximately 20 nm for visible light applications due to the finite penetration depth of the metal [1] [2] [3] . It is also possible that the interaction between the metal-coating and a metallic sample surface can limit resolution by increasing the effective probe aperture size closer to that defined by the outer edges of the metal layers. The limitations of apertured probes have motivated the development of alternative probe designs such as apertureless scattering probes [12, 13] and tunneling probes for use in STOM [14] or PSTM [15] . Traditional SNOM achieves subwavelength resolution via the aperture at the tip of a metal-coated probe [1] [2] [3] . Numerical [16] and experimental [17] results have shown that the resolutions achievable with metal-free fiber tips is diffraction limited unless scattering is the dominant transduction mechanism. This is generally achieved in STOM/PSTM configurations where the sample is illuminated by total internal reflection so that only the evanescent tail is present in the near-field of the sample. Schemes which illuminate the sample, such that the near-field is dominated by propagating components, are ultimately diffraction limited when an uncoated probe is used. The demonstration of subwavelength resolution using uncoated tips in reflection mode SNOM [18] is reportedly a topography-induced effect and the optical resolution remains diffraction limited [17] . Illumination by total internal reflection is not always possible, especially for thick or opaque samples. Overcoming the diffraction limit without a metal-coating under normal illumination conditions poses ongoing challenges and will require an improved understanding of subwavelength field-localization at the dielectric air-interface of the probe [19] [20] [21] . In their present form, standard step-index fiber probes require metal-coatings to overcome the diffraction limit and enable subwavelength imaging.
Uncoated fiber probes have been used as apertureless probes in STOM/PSTM where scattering is the dominant mechanism for mode coupling into the probe [14, 15] . The scattering capture fraction is a function of the refractive index of the fiber probe or the NA [22] . Standard singlemode step-index optical fibers have low NAs and are poorly suited for use as near-field probes where scattering is the operative signal transduction mechanism. Fibers with a high probe NA such as the fractal fiber, therefore, hold potential for use in metal-free scattering SNOM with enhanced scattering capture fractions. The capacity of the uncoated fractal fiber for use in apertureless scanning probe microscopy of a metallic nanostructured sample is compared here with standard fiber probes: one which is uncoated and another which is coated with chromium and aluminium.
Light confinement by fractal fiber probes
An optical probe made from fractal fiber demonstrated a substantial increase in optical confinement and numerical aperture (NA) compared to probes made from a standard stepindex fiber and a periodic photonic crystal fiber (PCF) [9] . Light was imaged as it exited the probes and caused fluorescence in a solution with a refractive index of ~1.461. The imaged intensity exiting the fractal fiber probe was much greater than the standard fiber probe demonstrating the enhanced probe throughput. When surrounded in air, the probe NAs are estimated as being approximately 0.14, 0.32 and 0.53 for the standard, periodic PCF and the fractal fiber probes, respectively. The results indicated that when the fractal probe is used as a source and is surrounded by air, optical confinement can be maintained to within ~1µm of the probe tip. The enhanced throughput and high probe NA has been attributed to the maintenance of the fiber structure along the taper [9] . The fractal fiber has also been shown to exhibit extremely low bend loss, offering a potential additional advantage over conventional fibers for commercial SNOM systems which typically employ bent probes. The low bend loss is attributed to the unique quasi-periodic distribution of air-holes in the silica cladding which spoils resonant coupling out of the core [23] .
A microscope image of the fractal fiber end-face and a schematic representation of the taper cross-section are shown in Figs. 1(a) and (b) , respectively. The fiber consists of three rings of holes whose cross-sectional area increases with distance from the center core region. Each inner ring of holes is rotated by π/n with respect to its neighboring ring, where n is the number of holes in each ring. As the fractal fiber is reduced in diameter along a taper, the modal field remains confined within the core region by a successive ring of holes as the inner rings collapse. The average refractive index of the fiber decreases with increasing distance from the core and the radially variant interstitial regions spoil resonant coupling between each region, minimizing optical leakage and bend loss. The improved confinement of the fractal fiber has the potential to significantly reduce the length over which propagating light interacts with a metal-coating placed on the probe; thereby decreasing the associated losses and enhancing optical throughput. This paper presents the results of experiments which compare the imaging capacity of an uncoated fractal fiber probe with metal-coated and uncoated standard fiber probes in the application of a metallic nanostructured sample. 
Examination of a metallic nanostructure
The silver film sample under investigation in this work is shown in the scanning electron microscope (SEM) image in Fig. 2(a) . The sample was fabricated by depositing a silver film of 105 nm thickness by thermal evaporation onto a glass substrate. The annular aperture array (AAA) was then etched into the silver film by focused ion beam (FIB) lithography and imaged using a FEI Nova Dualbeam™ FIB and SEM system. The structure consists of 500 nm outer diameter annular apertures, with inner diameters of 300 nm, arranged in a square array with periodicities of 1000 nm and 960 nm in the horizontal and vertical directions, respectively. Such a structure was selected since it combines spatial information of varying size: the locations of the apertures separated by approximately 1000 nm and the spatial detail of the apertures themselves which is of order 200 nm. Finite Element Method (FEM) simulations incorporating the finite conductivity of silver [24] were employed to predict the transmission spectrum and near-field properties of the sample described above in the absence of a probe. The calculated transmission spectrum normalized to the incident field (not shown here) exhibits a peak transmission of ~50% at the localized aperture resonance at 1650 nm. Since the fiber probes tested in this work are not suited for operation with infrared light, a 532 nm laser was used in the imaging experiments described below which provided adequate transmission through the sample even though the computed transmission at this wavelength is of the order of only a few percent. The calculated magnitude of the electric field at a height of 5 nm above the sample for incident light polarized at 25° to the vertical axis (corresponding to the polarization direction of measurements) is shown in Fig. 2(d) for 1650 nm and in Fig. 2(e) for 532 nm. The choice of polarization direction was completely arbitrary. The simulated electric field distributions at the two wavelengths are similar to within measurement uncertainty of the field at 1650 nm. The field around the structure has a higher degree of complexity at 532 nm than at 1650 nm since the multiple diffracted orders produce a Talbot pattern [25] which is expected to affect what is measured using SNOM. Interestingly, the image in Fig. 2 (e) provides more evidence of evanescent surface waves at 532 nm due to interactions between apertures in the array [26] , which is also expected to have a measurable effect on the fields imaged by SNOM probes.
Although obtaining measurements at 532 nm leads to a more complex field pattern and much weaker transmission than with a smaller structure, it is shown that this does not affect our overall conclusions regarding the sensitivity of the probes. As a consequence, the sample examined should be regarded as a test object for the probes rather than the measurements revealing details of the electromagnetic structure surrounding the AAA. AAAs have shown themselves to present significant challenges to near-field characterization. Metal-free, fiber probes have been previously used in both reflection and collection mode SNOM to investigate the near-field properties of AAAs in thin silver films [27, 28] . However, the expected fields were not resolved experimentally which was attributed to the limitations of the dielectric probe. The authors concluded that metallized tips with smaller apertures are required to improve resolution. The use of metallic probes, however, seems an unlikely solution since in previous work it has been found that the interaction of the metal-coating on a probe with a metallic sample surface can lead to significant differences between the measured near-field intensity and that which exists in the absence of the probe [10] . This distortion is likely to be caused by the local field enhancement due to surfaceplasmon effects which act to smear out any fine structure and modify near-field measurements. This was verified in recent work which investigated the near-field properties of AAAs on thin silver films using a cantilevered, metal-coated SNOM probe in collection mode with normal-force position control [29] . The expected fields were not clearly resolved and the measured profiles did not compare well with simulations. This was attributed firstly to the interaction between the metal-coating on the probe and the sample surface and secondly to the oscillatory motion of the probe during image acquisition. The SNOM images were obtained after averaging over the full amplitude of the probe oscillation which affected the measured near-field profiles of the highly diffractive sample. This is consistent with recent work which has shown that the vertical oscillation of the probe in normal-force feedback loops can be disadvantageous to the detection efficiency [30] .
As previously discussed, fibers with high probe NAs are better suited for application in metal-free probe microscopy due to enhanced scattering capture fractions over standard low NA fibers. Fractal fiber probes have enhanced throughput over standard fiber and a higher NA, suggesting that this type of probe may be useful for the imaging of metallic structures where the use of metallic probes has been problematic.
Experimental detail
SEM images of the three types of fiber probes used in this work are shown in Fig. 3 . The straight, metal-coated probes were obtained from Nanonics Inc. and consisted of a fiber designed for singlemode operation at 488 nm, which was tapered and coated with chromium and aluminium to form a specified 50 nm aperture at the probe tip. The uncoated probes were fabricated at room temperature by a standard laser-based pulling technique [31] from samples of the fractal fiber and a standard step-index fiber designed for singlemode operation at 460 nm. No additional gas was used to pressurize the air-holes of the fractal fiber during tapering. Probes made from the standard and fractal fibers were coated with approximately 5 nm of carbon to enable acquisition of the SEM images in Figs. 3(b) and (c), respectively. These SEM images reveal similar tip geometries between the standard and fractal fiber probes which both have flat surfaces at the apex, consistent with cleaving under tension. The uncoated probes used in the imaging experiments described below were not coated with carbon and each had uniform taper profiles with approximate half-angles of 3°. The test probes were each mounted separately on a Physik Instrumente NanoCube® and scanned across the face of the silver film sample which was illuminated from the glass substrate side with a 532 nm laser beam. The incident light was polarized at (25 ± 5)° to the vertical axis of the sample and expanded with a defocused microscope objective. Light was collected by each probe, propagated along the fiber to a photomultiplier tube (PMT) and recorded with a PC which also controlled the probe translation via the NanoCube. A microscope, mounted above the sample and test probe, was used in alignment and positioning. The imaging sample comprised a 50 µm × 50 µm square array of annular apertures and each test probe was scanned across a unique section of the surface. Intensity maps were formed from the data recorded by the PMT as the probe was scanned across a 5 × 5 µm test region in 50 nm steps in both the horizontal and vertical planes at a distance of approximately 50 nm from the sample surface.
Each of the test probes was stepped closer in steps of 50 nm until the probe was observed to collide with the surface. From the images recorded after each step, the images which were measured just before collision were selected and consequently, the height of the probe was estimated as being within 50 nm from the surface. A tilt in the sample would induce an uncertainty in the distance between the probe and sample over the 5 × 5 µm scan area. However, the measured images revealed relatively uniform intensity distributions over the scan area; indicating a minimal effect by any tilt in the sample. Commercial SNOM systems typically control the probe to sample distance by a normal-force feedback mechanism which requires oscillation of the probe and enables the recording of topographical information [2] . The test object is a highly diffractive sample and as such, the transmitted fields are expected to vary significantly over short ranges. As a result, the test probes were not oscillated in either a shear-force or normal-force configuration so that optical information could be collected on a point-to-point basis in one plane. The lack of probe oscillation avoided related distortions [29, 30] but prevented topographical images from being recorded.
Results
The raw intensity maps collected by each of the test probes are shown in Fig. 4 . The size and period of the sample features imaged by the metal-coated probe (Fig. 4(a) ) are consistent with the physical properties of the sample. However, the expected complex field distribution as in Fig. 2(e) was not resolved. The image measured by the metal-coated probe features spots which, although uniformly aligned, are not distinct. This is likely to be due to the complex fields expected to be present in the absence of the probe, shown in Fig. 2 (e), as well as surface plasmon coupling between the probe and the surface as expected from previous work [10, 29] . Plasmon coupling between the metallic probe and the sample can affect resolution by increasing the effective probe aperture size closer to that defined by the outer edges of the metal layers. The image in Fig. 4 (a) shows improved resolution compared to what was measured by a cantilevered, metal-coated SNOM probe with a similar silver film sample [29] . This is perhaps due to loss in resolution caused by the oscillatory motion of the probe which was controlled by normal-force feedback. A technique which does not oscillate the probe may avoid the detection efficiency issues associated with normal-force position control [29, 30] and enable improved resolution using a metal-coated probe. The uncoated standard fiber probe was also unable to resolve the fields expected to be present above the sample as shown in Fig. 4(b) . In previous work, the majority of the optical power in an uncoated standard fiber probe has been shown to leak at approximately 40 µm from the tip when used as a source and surrounded by a higher refractive index medium [9] . The poor resolution of the image measured by the uncoated standard fiber probe is expected to be due to the effective collection aperture being too large, too complex and too far from the sample. The image collected by the fractal fiber probe (Fig. 4(c) ) resolves a uniformly aligned and distinct array of approximately 500 nm diameter spots which compare very well with the size and shape of the physical structure of the sample. The period of the features measured by the fractal fiber probe also compares very well with the expected pitch of 1 µm. A number of each of the standard and fractal fiber probes were tested in the imaging experiments and the images shown in Fig. 4(b) and (c) represent typical images obtained using the respective probes. The peak intensities recorded by the fractal probes were on average three times greater than those recorded by the uncoated standard fiber probes. The probes used in this work were chosen to have similar taper profiles and half-angles and it is believed that slight variations in the probe geometries have not contributed greatly to the differences in the images recorded using the three probes.
There is no obvious distortion arising from probe-sample interactions in the image measured by the fractal fiber probe. However, the expected complex field distribution as in Fig. 2(e) has not been resolved by the fractal probe. This is likely to be due firstly to the lack of accurate probe position control to maintain the probe at a constant height above the sample. Secondly, the lack of a defined aperture is likely to have prevented the detection of subwavelength features since the near-field of the sample is dominated by propagating components under normal illumination conditions. The resolution of subwavelength features may be achieved by illuminating the sample via total internal reflection so that the near-field contains only non-propagating, evanescent components, although obviously in the case of field characterization the fields would need to be calculated according to the precise excitation geometry.
Conclusions
A fractal fiber probe has been shown in previous work to exhibit enhanced optical throughput and an NA that is approximately four times larger than a standard fiber probe [9] . This fiber has also been shown to have extremely low bend loss [23] from which one would extrapolate lower taper losses in both straight and bent probes. The peak intensities collected by uncoated fractal probes were observed in this work to be on average three times larger than for uncoated standard fiber probes. This is consistent with previous work that reported enhanced probe throughput and much higher intensities at the tip of the fractal probe. The measured images reported in this paper demonstrate that the collection capability of an uncoated fractal fiber probe is far superior to an uncoated standard probe and is comparable, if not better than, a metal-coated probe. This is a significant result since the uncoated fractal fiber probe possesses no defined aperture, whereas the metal-coated probe is specified as having a 50 nm aperture. In addition, the metal-coated probe used in this work was unable to clearly distinguish the features in the metallic thin film sample, most likely due to surface plasmon coupling, which would effectively increase the probe aperture size closer to that defined by the outer edges of the metal layers.
The enhanced imaging performance of the uncoated fractal probe over the standard fiber probe can be directly attributed to the superior confinement and collection properties of the fiber. The lack of a metal-coating has avoided field distortions due to probe-sample interactions. It is expected that introducing probe-sample distance control and illuminating the sample by total internal reflection, as in a STOM/PSTM configuration, may enable the resolution of subwavelength features in such metallic nanostructures. Future designs like the fractal fiber, possessing more rings and more air-holes per ring, hold exciting potential for optimizing optical confinement in subwavelength structures. Such structures may be able to enhance scattering capture fractions and also move effective collection apertures even closer to the tip of tapered probes, potentially removing the need for a metal-coating altogether.
